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Functional  magnetic  resonance  imaging  (fMRI)  was  used  to examine  the neural  correlates
of semantic  judgments  to Chinese  words  in a group  of  10–15  year  old  Chinese  children.
Two  semantic  tasks  were  used:  visual–visual  versus  visual–auditory  presentation.  The  ﬁrst
word  was  visually  presented  (i.e.  character)  and  the  second  word  was  either  visually  or
auditorily presented,  and  the  participant  had  to  determine  if these  two  words  were  related
in meaning.  Different  from  English,  Chinese  has  many  homophones  in  which  each  spo-
ken  word  corresponds  to many  characters.  The  visual–auditory  task,  therefore,  required
greater  engagement  of cognitive  control  for the  participants  to  select  a semantically  appro-
priate  answer  for  the  second  homophonic  word.  Weaker  association  pairs  produced  greater
activation  in  the  mid-ventral  region  of left  inferior  frontal  gyrus  (BA  45)  for  both  tasks.  How-ssociation strength
ge
ever, this  effect  was  stronger  for the  visual–auditory  task  than  for  the  visual–visual  task  and
this  difference  was  stronger  for older  compared  to younger  children.  The  ﬁndings  suggest
greater  involvement  of  semantic  selection  mechanisms  in  the  cross-modal  task  requiring
the  access  of  the  appropriate  meaning  of  homophonic  spoken  words,  especially  for  older
children.. Introduction
Reading ﬂuency requires the capability to integrate
rthographic, phonological and semantic representations
Cao et al., 2009; Cone et al., 2008). The current study
sed functional magnetic resonance imaging (fMRI) to
xamine developmental changes in Chinese children (aged
0–15) during a cross-modal semantic association task in
hich words were presented in the visual and auditory
odality.
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Effective word recognition involves the rapid corre-
spondence between orthography, phonology, and seman-
tics (Coltheart et al., 2001; Plaut et al., 1996). Previous
studies have used cross-modal paradigms to examine the
conversion between orthography and phonology in word
recognition in English (Noppeney et al., 2007; Marslen-
Wilson and Zwitserlood, 1989; Whatmough et al., 1999)
and French (Grainger et al., 2001; Kiyonaga et al., 2007).
However, these languages have writing systems with fewer
homophones. In contrast, there exist many homophones
in Chinese and thus mapping is particularly unsystem-
atic from spoken to written word forms. Spoken Chinese
(Mandarin) uses four tones to differentiate different words
with different meanings. Chinese has about 5000 common
words, but only about 400 different syllables independent
of tone, or around 1300 if a change in tone is considered
to create a different syllable (Reich et al., 2003). There-
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fore, Chinese contains many monosyllabic homophones
with different meanings. About 55 percent of monosylla-
bles correspond to more than ﬁve homophones (Institute
of Linguistics, 1985). When a Chinese word is pronounced
without context, it is almost impossible for the listener
to know which visual word or meaning is referred to.
For example, the monosyllable “yi4” has about 90 homo-
phones with different word forms and different meanings
(number indicates the tone), and there are about 171
homophones for this monosyllable when four tones are
included.
The present study took advantage of this lack of sys-
tematicity in Chinese by using a cross-modal presentation
in which the ﬁrst word was presented visually and the
second word was presented auditorily (visual–auditory).
Participants were asked to judge if these two sequen-
tially presented words were related in meaning or not
in a semantic judgment task. In hearing the sound in
the visual–auditory task, the participants may  activate all
the possible orthographic candidates and meanings (Hung
et al., 2010; Booth et al., 2007). Thus, the goal of this study
was to test whether the existence of multiple homophones
may  increase phonological mediation to access meaning
or whether the multiple homophones may  induce greater
engagement of selecting an appropriate character and/or
meaning among spoken homophones when words are pre-
sented auditorily in Chinese.
During the semantic judgment task, semantic associa-
tion has been used to evaluate meaning processing such
as selection, retrieval and integration in English and Chi-
nese (Fletcher et al., 2000; Chou et al., 2006a,b, 2009a;
Raposo et al., 2006). Aforementioned studies have iden-
tiﬁed two critical regions including left inferior parietal
lobule for processing closely related pairs (i.e. stronger
association) and left inferior frontal gyrus for process-
ing distantly related pairs (i.e. weaker association) to be
engaged in semantic processing. Processing closely related
word pairs has elicited greater activation in left inferior
parietal lobule (BA 39, 40), suggesting the integration of
multiple shared features between word pairs (Grossman
et al., 2003; Koenig et al., 2005). In addition, greater acti-
vation was observed in left inferior parietal lobule when
participants were cued to be aware of the semantic features
of the incoming word target (Cristescua et al., 2006) and/or
merging the incoming information into current syntactic
structures (Lau et al., 2008).
Processing distantly related pairs has elicited greater
activation in left ventrolateral regions of inferior frontal
gyrus (BA 45, 47). The greater activation in left inferior
frontal gyrus is thought to reﬂect the difﬁculty of retrieving
or selecting the shared features between distantly related
word pairs (Fletcher et al., 2000). Moreover, previous
semantic studies examining semantic retrieval or selec-
tion have found greater activation in the left inferior frontal
gyrus, such as abstract versus concrete word (Pexman et al.,
2007), matching speciﬁc features versus global similarity
(Snyder et al., 2007; Thompson-Schill et al., 1997, 1999),
indirectly versus directly related word pairs (Kuperberg
et al., 2008), inconsistent versus consistent word process-
ing (Bedny et al., 2008). These aforementioned studies
support the idea that greater difﬁculty of semantic retrieval Neuroscience 1 (2011) 338– 350 339
or selection required greater engagement of the left inferior
frontal gyrus.
Previous studies suggest that different regions of left
inferior frontal gyrus may  support processing of different
linguistic functions (Liu et al., 2009; Poldrack et al., 1999).
The dorsal regions of left inferior fontal gyrus (BA 9, 44)
are engaged in phonological mediation (Booth et al., 2004;
Liu et al., 2009; Poldrack et al., 1999). Studies have found
greater activations in the dorsal regions of left inferior
frontal gyrus for phonetic monitoring, phoneme genera-
tion, or phonological segmentation (Binder et al., 2004; Fiez
et al., 1999; Gandour et al., 2003; Liu et al., 2009). In the cur-
rent study, distantly related pairs had signiﬁcantly fewer
overlapping features than closely related pairs, presumably
making mapping to semantics less efﬁcient and possibly
increasing phonological mediation. Greater phonological
mediation may  be enhanced in the visual–auditory task
due to multiple homophones being activated, as compared
to when both words are presented visually (visual–visual).
Previous behavioral studies in Chinese have shown that
when participants were given homophones during audi-
tory word processing in Chinese, increasing phonological
information appeared to speed up the process of access to
meaning (Li and Yip, 1998).
In contrast to dorsal regions, the ventral regions of
inferior IFG (BA 45, 47) seem to be involved in semantic pro-
cessing (Badre and Wagner, 2007; Liu et al., 2009; Poldrack
et al., 1999). Badre and Wagner (2007) further proposed
different cognitive functions for ventral regions of the infe-
rior frontal gyrus. The anterior ventral region of left inferior
frontal gyrus (BA 47) may  support controlled access to
stored semantic representations, whereas the mid-ventral
region of left inferior frontal gyrus (BA 45) may  support a
selection process among active representations. In particu-
lar, the mid-ventral region of left inferior frontal gyrus (BA
45) has been proposed to be involved in cognitive control,
including inhibiting irrelevant responses/information and
selecting relevant responses/information (Botvinick et al.,
2001, 2004; Bunge et al., 2002). The mechanism under-
lying the activation of multiple competitors has been put
forth in the biased competition model (Kan and Thompson-
Schill, 2004). This model assumes that when a word is
presented, multiple associated representations are acti-
vated automatically. Upon the presentation of a second
word, associated meanings of that word are also activated,
but the weight of each active meaning is biased by the
preceding word. Meanings of the second word relevant to
the context have greater weight, whereas the irrelevant
meanings have lower weights. This model also assumes
that relevant meanings with greater weight inhibit irrele-
vant meanings. In the current study, the selection demand
may  be low (i.e., greater weight) for target words in closely
related pairs, because they have many overlapping fea-
tures and few irrelevant features. In contrast, the selection
demand may  be high (i.e., lower weight) for target words
in distantly related pairs, because few overlapping fea-
tures and many irrelevant features. In other words, the
ﬁrst word of the related pairs may  act as a semantic con-
straint for the second word. The semantic constraint may  be
weaker in the distantly related pairs, in which the demand
to select among multiple competitors may  be greater than
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n the closely related pairs. Processing distantly related
airs might, therefore, result in greater cognitive control
f inhibiting irrelevant features and selecting relevant fea-
ures.
In the current study, distantly related pairs may  be
haracterized by greater activation of distinctive/irrelevant
eatures and weaker activation of shared/relevant features.
rocessing distantly related pairs might, therefore, result
n greater cognitive control of inhibiting irrelevant fea-
ures and selecting relevant features. Moreover, in the
isual–auditory task, participants needed to select the tar-
et among competing homophones, and therefore this task
ay  place greater demands on cognitive control as com-
ared to the visual–visual task. The evidence supporting
emanding cognitive control is that in a cross-modal task
o disambiguate various homophonic meanings in Chinese,
ultiple homophones may  compete and thus require the
se of context to select the correct answer (Li and Yip,
998).
In addition, behavioral studies of cognitive control have
hown changes from childhood through adolescence in
erformance in a variety of tasks including a go/no-go
ask (Eigsti et al., 2006), Stroop task (Leon-Carrion et al.,
004), and antisaccade task (Luna et al., 2004). Neuro-
maging studies have identiﬁed prolonged developmental
hanges in structure of the prefrontal cortex including den-
ity reduction in gray matter (Giedd, 1999; Gogtay et al.,
004; Shaw et al., 2006; Sowell et al., 2001, 2003) and vol-
me  increases in white matter (Barnea-Goraly et al., 2005;
iston et al., 2005; Nagy et al., 2004; Paus et al., 1999) and
n functional activation in prefrontal regions during a vari-
ty of cognitive control tasks including response inhibition
sing a Stroop task (Adleman et al., 2002) and using go/no-
o tasks (Bunge et al., 2002; Tamm et al., 2002). Several
tudies have also demonstrated that adolescents between
ges 13 and 17 are more capable of dealing with interfer-
nce during cognitive control tasks than children between
ges 8 and 12 (Adleman et al., 2002; Lamm et al., 2006;
una et al., 2004; Williams et al., 1999). This improvement
uring adolescence suggests that teenagers are more capa-
le of maintaining multiple dimensions of concepts in the
ind and using a ﬂexible mechanism to ﬁlter out irrelevant
nformation during cognitive control tasks (Blakemore and
houdhury, 2006).
In the current study, the ﬁrst goal was to examine
ifferences between a uni-modal (visual–visual pre-
entation) and a cross-modal semantic judgment task
visual–auditory presentation). If there is greater phono-
ogical mediation for the visual–auditory task than the
isual–visual task, there should be greater activation in
he dorsal region of left inferior frontal gyrus (BA 44, 9).
owever, if there are greater demands on cognitive con-
rol for the visual–auditory task than the visual–visual task,
e expected to ﬁnd greater activation in the mid-ventral
egion of left inferior frontal gyrus (BA 45). The second
oal was to determine whether age in 10–15-year-old Chi-
ese children was differentially related to activation in
he visual–auditory versus the visual–visual tasks. Because
tudies have shown substantial improvement in cognitive
ontrol from childhood to adolescence, we expected to see
reater age related changes in the inferior frontal gyrus for Neuroscience 1 (2011) 338– 350
the visual–auditory task due to greater demands on cogni-
tive control for this task.
2. Methods
2.1. Participants
In the visual–visual meaning judgment task, a group of
twenty-three native monolingual Chinese children (mean
age = 12.8, standard deviation = 1.5, 11 girls) participated.
In the visual–auditory meaning judgment task, another
group of twenty-three native monolingual Chinese chil-
dren (mean age = 12.8, standard deviation = 1.5, 11 girls)
participated. All forty-six children were recruited from the
Taipei city metropolitan area and their parents were given
an informal interview to insure that their children met  the
following inclusionary criteria: (1) right-handedness, (2)
normal hearing (3) normal or corrected-to-normal vision,
(4) free of neurological disease or psychiatric disorders, (5)
no history of intelligence, reading, or oral-language deﬁcits,
and (6) no learning disability or attention deﬁcit hyper-
activity disorder (ADHD). After the administration of the
informal interview, informed consent was  obtained. The
informed consent procedures were approved by the Insti-
tutional Review Board at the National Taiwan University
Hospital. Standardized intelligence testing was adminis-
tered, using the Wechsler Intelligence Scale for Children
(WISC-III) Chinese version (The Psychological Corporation,
1999). In the visual–visual semantic judgment task, par-
ticipants’ standard scores (mean ± SD) were 112 ± 10 on
the verbal scale and 114 ± 11 on the performance scale. In
the visual–auditory semantic judgment task, participants’
standard scores (mean ± SD) were 110 ± 11 on the verbal
scale and 111 ± 12 on the performance scale.
2.2. Functional activation tasks
The children were given two  practice sessions, one out-
side the scanner and the other in the scanner, to make
sure that they understood the task. The practice items
were different stimuli than those used in fMRI sessions.
Each participant was  at least 80% correct for each condition
separately for both practice sessions. In the scanner, partic-
ipants performed either a visual–visual semantic judgment
task or a visual–auditory semantic judgment task to Chi-
nese word pairs. Both semantic judgment tasks included
forty-eight related pairs and twenty-four unrelated pairs.
These lexical pairs in both tasks were the same stim-
uli. Forty-eight related pairs included strongly to weakly
associated items chosen from a Chinese association norm
(Hue et al., 2005). Forty-eight character pairs were seman-
tically related according to their free association values
(mean = 0.14, SD = 0.13, ranging from 0.73 to 0.01). The
word pairs chosen from the Chinese association norm
were based on their semantic relation including synonyms,
antonyms, in the same category, or with similar functions
(Lee et al., 2009). The Chinese association norm (Hue et al.,
2005) was constructed by presenting a list of Chinese words
to 100 native Taiwan undergraduates. They were asked to
write down the ﬁrst word that came into mind. The asso-
ciation value to each pair was calculated as follows. For
ognitiveS.-H. Lee et al. / Developmental C
example, if 30 out of 100 undergraduates generated the
same word to a given target word, then the association
value would be 0.3 for the pair. This method of establishing
association norms has been used in English (Nelson et al.,
1998). Character pairs were arranged in a continuous vari-
able according to association values (Chou et al., 2009b).  In
addition, twenty-four word pairs were semantically unre-
lated with zero association values. Because all participants
were right-handed, the use of the dominant hand (i.e., the
right hand) was natural for them to perform the task. The
use of the left hand may  have increased selection demands
due to shifting hands. To avoid potential confusion for chil-
dren, our participants were instructed to use their right
hand for the button-press responses. Therefore, the partic-
ipants were instructed to quickly and accurately press with
their right hand the yes button to the related pairs and the
no button to the unrelated pairs.
2.3. Visual–visual semantic judgment task
In the visual–visual meaning judgment task, two
Chinese words were presented sequentially and the par-
ticipant had to determine whether the word pair was
related in meaning. Trials lasted 4500 ms  and consisted
of a solid square (500 ms), followed by the ﬁrst word
(800 ms), a 200 ms  blank interval, and the second word for
3000 ms.  The participant was instructed to make a response
during the presentation of the second word. The per-
ceptual control condition had 24 pairs of non-characters.
Non-characters were created by replacing radicals of real
characters with other radicals that did not form real Chi-
nese characters. Non-characters were larger (50 font size)
than real characters (40 font size) in order to encourage
participants to perform the task based on the recognition
of low level visual similarity and not on the extraction of
semantic information. For the perceptual control condi-
tion, trials consisted of a solid square (500 ms), followed
by the ﬁrst non-character (800 ms), a 200 ms  blank inter-
val, and the second non-character for 3000 ms.  Participants
determined whether the pair of stimuli were identical or
not by pressing a yes or no button with their right hand.
There were also 24 baseline events as “null” trials so that
we could better deconvolve the response to the lexical and
perceptual trials. The participant was instructed to press
a button when a solid square (1300 ms)  at the center of
the visual ﬁeld turned to a hollow square (3000 ms)  after a
blank interval (200 ms).
2.4. Visual–auditory semantic judgment task
In the visual–auditory meaning judgment task, the
ﬁrst word was visually presented and the second word
was auditorily presented. Each trial lasted 4500 ms  with
a solid square as ﬁxation (500 ms)  in the beginning of
each trial. The two words were presented sequentially in
a cross-modal manner, with a 200 ms  blank in between.
The ﬁrst word was visually presented (800 ms). The sec-
ond word was auditorily presented through headphones
(800 ms). The second words of the visual–auditory task
were recorded by a native Mandarin-Chinese female in a
sound attenuated booth. The average sampling rate was Neuroscience 1 (2011) 338– 350 341
44.1 kHz with an average volume of approximately 75 dB.
The sound ﬁles were modiﬁed by Praat to have an 800-ms
duration (Boersma and Weenink, 2007). The spoken words
were reported by the participants as sounding natural. A
hollow square was  visually presented simultaneously dur-
ing the presentation of the second word, indicating the
need to make a response in a 3000 ms  interval. Reaction
time was  measured from the onset of the second word. The
perceptual condition had 24 trials consisting of tone match-
ing judgments. Trials consisted of a solid square (500 ms),
followed by a visual word indicating up or down (800 ms),
a blank interval (200 ms), and an ascending or a descend-
ing tone presented to the participants through headphones
(800 ms)  with a hollow square visually presented simulta-
neously on the screen (3000 ms). Participants determined
whether the visual word (i.e. up or down) and the tone (i.e.
ascending or descending) matched in direction by press-
ing a yes or no button with their right hand. This condition
was used as a control for the word pairs in the fMRI anal-
yses because it equated aspects of perceptual input and
response demands. There were also 24 baseline events as
“null” trials in order to better deconvolve the response to
the word and perceptual trials. In the null trials, the partic-
ipant was instructed to press a button when a solid square
at the center of the visual ﬁeld turned to a hollow square.
We also used baseline events (i.e. ﬁxation cross) as control
conditions that were the same in both semantic judgment
tasks. The patterns of activation in regions related to mean-
ing processing, including left inferior frontal gyrus and left
middle temporal gyrus, were essentially the same as to
those when using the perceptual control conditions. We
chose to present data comparing the semantic to the per-
ceptual control conditions to subtract out activation in the
primary visual/auditory cortex that it is not likely due to
semantic processing.
2.5. Stimulus characteristics
In both the visual–visual and the visual–auditory
semantic judgment tasks, several lexical variables were
controlled across the related and unrelated word pairs.
First, all Chinese words were monosyllabic. Second, the ﬁrst
word and the second word did not share radicals. Third,
the ﬁrst and second word together did not form another
word (Huang, 1998; Wu and Liu, 1987). Fourth, words were
matched for visual complexity (in terms of strokes per
word) across conditions. A 2 word (ﬁrst, second) × 2 con-
dition (related, unrelated) ANOVA showed that the main
effect of relatedness nor its interaction with word was sig-
niﬁcant. Fifth, words were matched for written frequency
for adults (Wu and Liu, 1987) and written familiarity for
children across the related and unrelated conditions. Famil-
iarity scores were obtained from pre-tests in which all
the words were rated on a 7-point scale by thirty age-
matched children who were native Mandarin speakers
from Taiwan. A 2 word (ﬁrst, second) × 2 condition (related,
unrelated) ANOVA showed no main effects or interac-
tions with the frequency or the familiarity measure. The
correlation of the word frequency or familiarity measure
with association strength was not signiﬁcant indicating
that association effects should not be due to frequency or
342 S.-H. Lee et al. / Developmental Cognitive Neuroscience 1 (2011) 338– 350
Table 1
Stimulus characteristics for ﬁrst (1st) words and second (2nd) words in the related and unrelated conditions for written word frequency for adults (Wu and
Liu,  1987) and for written word familiarity for children. The numbers of homophones (logarithmic transformation) of the second word in the related and
unrelated conditions are also presented (Lee et al., 2009). Standard deviations are in parentheses. The correlations of word frequency and familiarity with
association strength in the related condition are presented. The correlation of the number of homophones for the second words with association strength
in  the related condition is also presented.
Frequency Familiarity Homophones
Related Unrelated Related Unrelated Related Unrelated
1st word 167 (295) 237 (267) 6.0 (0.5) 6.1 (0.4)
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1st  word correlation −.01 
2nd word correlation −.02 
amiliarity differences. In addition, the second words in
he visual–auditory semantic task were matched for the
umbers of homophones across the related and unrelated
onditions (Lee et al., 2009). The correlation of number of
omophones and association strength was not signiﬁcant.
n the visual–auditory semantic judgment task, all the stim-
lus characteristics (frequency, strokes, and homophones)
xamined for the second word were according to the visual
orm in the visual–visual semantic judgment task (Wu et al.,
004) (Table 1).
We also collected norms of overlapping features for both
losely and distantly related pairs. Seventy-six undergrad-
ates were asked to ﬁll out a semantic-feature generation
uestionnaire. The questionnaire contained 96 words from
he 48 related pairs used in the semantic judgment task.
he participants were required to write down at least 8
eatures for each word, similar to the way “target con-
epts total” was used to generate features according to Cree
t al. (2006).  We  then calculated how many overlapping
eatures were between the ﬁrst and the second word. The
uestionnaire showed greater overlapping features for the
4 closely related pairs (mean = 49.5, SD = 15.6) compared
o the 24 distantly related pairs (mean = 33.2, SD = 8.6),
(46) = 4.48, p < .0001. The correlation between the associ-
tion strength and the numbers of features was signiﬁcant
r(48) = 0.51, p < .0001).
.6. MRI  data acquisition
Participants lay in the scanner with their head posi-
ion secured with a specially designed vacuum pillow. An
ptical response box was placed in the participants’ right
and. The head coil (CP Transmit/Receive Head Coil) was
ositioned over the participants’ head (Siemens, Erlangen,
ermany). Participants viewed visual stimuli projected
nto a screen via a mirror attached to the inside of the head
oil. Participants wore headphones to hear auditory stim-
li (Nordic NeuroLab, San Antonio, TX). Each participant
erformed two functional runs (4.7 min  each).
All images were acquired using a 3 T Siemens scan-
er. Gradient-echo localizer images were acquired to
etermine the placement of the functional slices. For
he functional imaging studies, a susceptibility weighted
ingle-shot EPI (echo planar imaging) method with BOLD
blood oxygenation level-dependent) was used. Func-
ional images were collected parallel to AC-PC plane
ith interleaved whole brain EPI acquisition from bot-
om to top. The following scan parameters were used:6.4 (0.3) 6.2 (0.4) 1.06 (0.4) 1.23 (0.4)
.04
.02 −.13
TE = 24 ms,  ﬂip angle = 90◦, matrix size = 64 × 64, ﬁeld
of view = 25.6 cm,  slice thickness = 3 mm,  number of
slices = 34, TR = 2000 ms.  Each functional run had 136
image volumes. In addition, a high resolution, T1 weighted
3D image was acquired (TR = 1560 ms,  TE = 3.68 ms,  ﬂip
angle = 15◦, matrix size = 256 × 256, ﬁeld of view = 25.6 cm,
slice thickness = 1 mm,  number of slices = 192). The ori-
entation of the 3D image was identical to the functional
slices. The task was  administered in a pseudorandom order
for all subjects, in which the order of related, unrelated,
perceptual, and baseline trials was optimized for event-
related design (Burock et al., 1998). Events were 4500 ms
apart with baseline “null” trials to better deconvolve the
response to the lexical and perceptual trials. We  used
the Optseq script for randomized event-related design
(http://surfer.nmr.mgh.harvard.edu/optseq, written by D.
Greve, Charlestown, MA)  that implemented Burock et al.
(1998)’s approach.
2.7. Image analysis
Data analysis was  performed using SPM2 (Statistical
Parametric Mapping). The functional images were cor-
rected for differences in slice-acquisition time to the
middle volume and were realigned to the ﬁrst volume in
the scanning session using afﬁne transformations. No par-
ticipant had more than 3 mm of movement in any plane.
Co-registered images were normalized to the MNI (Mon-
treal Neurological Institute) average template (12 linear
afﬁne parameters for brain size and position, 8 non-linear
iterations and 2 × 2 × 2 nonlinear basis functions). Statisti-
cal analyses were calculated on the smoothed data (10 mm
isotropic Gaussian kernel), with a high pass ﬁlter (128 s
cutoff period) in order to remove low frequency artifacts.
Data from each participant was  entered into a general
linear model using an event-related analysis procedure
(Josephs and Henson, 1999). Word pairs were treated as
individual events for analysis and modeled using a canon-
ical HRF (Hemodynamic Response Function). There were
four event types: related, unrelated, perceptual, and base-
line. For the related pairs, association strength was an
item-level parametric modulator in order to differentiate
semantic relatedness as a continuous variable according to
log transformed free association strength (Hue et al., 2005).
The resulting model coefﬁcients for individual subjects
were entered into subsequent second-order random effects
analyses in a whole brain analysis. Random-effects analysis
using one-sample t-tests across all participants was  used to
ognitiveS.-H. Lee et al. / Developmental C
determine whether activation during a contrast was  signif-
icant (i.e., parameter estimates were reliably greater than
0).
In a ﬁrst series of analyses, we compared the related and
unrelated pairs separately to the perceptual control condi-
tion, and the related pairs to the unrelated pairs directly.
In a second series of analyses, we examined the effect
of the continuous variable of log transformed association
strength for the related pairs (Hue et al., 2005) with sig-
nal intensity. An inclusion mask of related versus unrelated
(p < .05 uncorrected) was  used for stronger association and
an inclusive mask of related versus perceptual (p < .05
uncorrected) was used for weaker association (Chou et al.,
2006b).  The analysis of the item-level (within-subject)
parametric modulator (i.e., association strength in a con-
tinuous scale) was based on the related pairs and was not
in comparison to baseline (also see Bolger et al., 2008).
Positive effects indicated progressively greater activation
for word pairs with stronger association strength, whereas
negative effects indicated progressively greater activa-
tion for word pairs with weaker association strength. In
addition, we performed a task comparison between the
visual–visual task and the visual–auditory task on the con-
trast of weaker association with an anatomical mask of left
inferior frontal gyrus due to our a priori hypothesis. In a
third series of analyses, we examined the effects of behav-
ioral performance for related pairs, including accuracy or
reaction time in the scanner as a within-subject covariate.
The analysis of the item-level (within-subject) paramet-
ric modulator (i.e., accuracy or reaction time) was based
on the related pairs and was not in comparison to base-
line. In the analysis of accuracy, positive effects indicated
greater activation with higher accuracy, whereas negative
effects indicated greater activation with lower accuracy.
In the analysis of reaction time, positive effects indicated
greater activation with slower reaction times, whereas
negative effects indicated greater activation with faster
reaction times. In the fourth series of analyses, we  used
multiple regression to correlate the continuous variable
of age in months with signal intensity, including accu-
racy or reaction time performance in the scanner as a
between-subject covariate, for the related or the unre-
lated pairs separately compared to the perceptual control
condition. We  used an inclusive mask related versus per-
ceptual (p < .05 uncorrected) for the age effect (Chou et al.,
2006b). These analyses allowed us to examine age-related
increases or decreases in activation that were independent
of accuracy or reaction time differences. All reported areas
of activation were signiﬁcant using p < .05 corrected for FDR
(false discovery rate) at the voxel level with a cluster size
greater than or equal to 10 voxels.
In order to examine developmental differences between
the visual–auditory task and the visual–visual task, we
extracted the beta values from peak voxels of brain regions
that showed similar strength of association effects across
tasks (i.e. inferior frontal gyrus). First, we compared the
weaker association effect to evaluate selection demands
between the two tasks. Second, because the number of the
participants was an odd number (23) in each task, we split
the children by age into two groups of 11 and did not use the
participant in the median position of age for further anal- Neuroscience 1 (2011) 338– 350 343
ysis. Participants were 11 younger children in the younger
group (age range = 10–12) and 11 older children in the
older group (age range = 13–15) for each task. The younger
groups in both the visual–visual task (mean = 11.5, SD = 0.7)
and the visual–auditory task (mean = 11.5, SD = 0.7) were
age matched. The older groups in both the visual–visual
task (mean = 14.2, SD = 0.6) and the visual–auditory task
(mean = 14.2, SD = 0.6) were also age matched. This allowed
us to do a 2 task (visual–visual, visual–auditory) by 2 age
(younger, older) ANCOVA, partialled for behavioral perfor-
mance (accuracy or reaction time).
3. Results
3.1. Behavior performance
3.1.1. Analyses of accuracy within and between tasks
The accuracy (mean ± SD)  for the related and unre-
lated events was  86 ± 10% and 97 ± 4%, respectively, in
the visual–visual semantic judgment task. The accuracy
(mean ± SD)  for the related and unrelated events was
71 ± 15% and 94 ± 6%, respectively, in the visual–auditory
semantic judgment task. A 2 task (visual–visual,
visual–auditory) by 2 condition (related, unrelated)
ANOVA was performed. This analysis showed a signiﬁcant
main effect of task, F(1, 44) = 17.97, p = .001, reﬂecting
greater accuracy for the visual–visual task than for the
visual–auditory task. The main effect of condition was sig-
niﬁcant, F(1, 44) = 73.7, p = .001, reﬂecting greater accuracy
for the unrelated word pairs than for the related word
pairs. The interaction between task and condition was
signiﬁcant, F(1, 44) = 7.94, p = .007. A simple main effects
analysis showed greater accuracy for the visual–visual
task than for the visual–auditory task in the related word
pairs (t = 3.80, p = .001).
3.1.2. Analysis of reaction times within and between
tasks
Reaction times (mean ± SD)  for the related and
unrelated events were 995 ± 225 ms  and 957 ± 195 ms,
respectively, in the visual–visual semantic judgment task.
Reaction times (mean ± SD)  for the related and unrelated
events were 1091 ± 184 ms  and 1162 ± 221 ms,  respec-
tively, in the visual–auditory semantic judgment task.
A 2 task (visual–visual, visual–auditory) by 2 condition
(related, unrelated) ANOVA was  performed. This analysis
showed a signiﬁcant main effect of task, F(1, 44) = 6.90,
p = .012, reﬂecting faster reaction time for the visual–visual
task than for the visual–auditory task. The main effect of
condition was not signiﬁcant, F(1, 44) = 0.59, p = .45. The
interaction between task and condition was signiﬁcant, F(1,
44) = 6.65, p = .01. A simple main effects analysis showed
faster reaction time for the visual–visual task than for the
visual–auditory task in the unrelated word pairs (t = 3.34,
p = .002).
3.1.3. The visual–visual task: by-item based correlations
between association strength and accuracy/reaction times
Because word pairs were arranged in a continuous vari-
able according to association strength, we calculated the
correlations between association strength for related pairs
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nd behavioral performance. The item-based correlation
etween accuracy and association strength was not signif-
cant, r(48) = −0.27, p = .07; and the item-based correlation
etween reaction times and association strength was neg-
tive, r(48) = −0.39, p < .01.
.1.4. The visual–auditory task: by-item based
orrelations between association strength and
ccuracy/reaction times
Because word pairs were arranged in a continuous vari-
ble according to association strength, we calculated the
orrelations between association strength for related pairs
nd behavioral performance. The item-based correlation
etween accuracy and association strength was not signif-
cant, r(48) = −0.11, p = .47; and the item-based correlation
etween reaction times and association strength was  neg-
tive, r(48) = −0.35, p = .02.
.1.5. The visual–visual task: by-subject based
orrelations between age and accuracy/reaction times
Because there were 2.5% outliers of accuracy trials out-
ide 2.5 SD from the group mean for each condition, we
erformed a reciprocal transformation for accuracy (Kirk,
995). Reaction times did not have outliers outside 2.5
D from the group mean for any condition. Therefore, no
ransformation was performed for reaction times. The cor-
elation of age with accuracy was marginally signiﬁcant
or related pairs [r(23) = −0.41, p = .05] showing that the
lder children were more accurate than the younger chil-
ren but the correlation of age with reaction times was  not
igniﬁcant for related pairs [r(23) = −0.37, p = .08].
.1.6. The visual–auditory task: by-subject based
orrelations between age and accuracy/reaction times
Because there were 3.3% outliers of accuracy trials out-
ide 2.5 SD from the group mean for each condition, we
erformed a reciprocal transformation for accuracy (Kirk,
995). Reaction times did not have outliers outside 2.5
D from the group mean for any condition. Therefore,
o transformation was performed for reaction times. The
orrelation of age with accuracy was not signiﬁcant for
elated pairs [r(23) = −.34, p = .11] and the correlation of
ge with reaction times was not signiﬁcant for related pairs
r(23) = −0.38, p = .07].
.2. Brain activation patterns
The presentation of the results will focus on brain
egions that have been implicated in previous studies of
emantic processing, namely left inferior frontal gyrus,
iddle temporal gyrus and inferior parietal lobule. All
ctivation differences are reported in the tables. Because
imilar results were found for the analysis of correct
esponses only and the analysis that includes all responses,
nly results from the analysis with all responses are pre-
ented to equate the statistical power between conditions
ith different accuracies (Bitan et al., 2007).
Table 2 shows the main comparisons of the
isual–visual and the visual–auditory semantic judg-
ent tasks. The results show the comparison of related
airs or unrelated pairs versus perceptual controls, and the Neuroscience 1 (2011) 338– 350
comparison of related pairs versus unrelated pairs. In the
visual–visual semantic judgment task, both related and
unrelated pairs compared to perceptual controls produced
greater activation in the ventral regions of left inferior
frontal gyrus (BA 45, 47). In addition, related pairs versus
perceptual controls produced activation in left middle
temporal gyrus (BA 21). The direct comparison of related
versus unrelated pairs elicited greater activation in ventral
regions of left inferior frontal gyrus (BA 45, 47) and left
middle temporal gyrus (BA 21). In the visual–auditory
semantic judgment task, the comparisons of both related
and unrelated pairs versus perceptual controls also pro-
duced greater activation in the ventral regions of left
inferior frontal gyrus (BA 45, 47). In addition, related pairs
versus perceptual controls produced activation in left
middle temporal gyrus (BA 21). The direct comparison of
related versus unrelated pairs elicited greater activation
in left middle temporal gyrus (BA 21) and left inferior
parietal lobule (BA 39).
The effects of the strength of semantic association on
signal intensity for related pairs are shown in Table 3
and Fig. 1. In the visual–visual semantic judgment task,
stronger association produced greater activation in the
posterior region of left inferior parietal lobule (BA 39).
Weaker association produced greater activation in the mid-
ventral region of left inferior frontal gyrus (BA 45) (p < .005
uncorrected, Z = 3.11, 39 voxels). In the visual–auditory
semantic judgment task, stronger association produced
greater activation in the anterior region of left inferior pari-
etal lobule (BA 40) (Fig. 1a). Weaker association produced
greater activation in the mid-ventral region of left inferior
frontal gyrus (BA 45) (Fig. 1b). The direct comparison of
visual–auditory task versus visual–visual task on the con-
trast of weaker association elicited greater activation in
left inferior frontal gyrus (BA 45). We  further examined
the effect of accuracy or reaction time on related pairs as
an item-based (within-subject) covariate in both tasks. No
signiﬁcant effect was found for lower or higher accuracy
for either task. No signiﬁcant effect was found for slower
or faster reaction times for either task. In addition, there
was  no BA 45 activation for the accuracy or reaction time
contrasts at a lowered threshold of p < .005 uncorrected.
Thus, accuracy or reaction time differences should not be
responsible for the observed effects of semantic association
strength.
The correlation between age in months and signal
intensity, partialling out the effect of accuracy or reac-
tion time in the scanner as a between-subject covariate,
is shown in Table 4 and Fig. 2. In the visual–visual
semantic judgment task, when partialling for accuracy,
increasing age was correlated with greater activation
in the mid-ventral region of left inferior frontal gyrus
(BA 45) (p < .005 uncorrected, Z = 3.02, 109 voxels) and
left posterior middle temporal gyrus (p < .005 uncor-
rected, Z = 3.07, 162 voxels) for related pairs compared to
perceptual controls. When partialling for reaction time,
increasing age was  correlated with greater activation in
the mid-ventral region of left inferior frontal gyrus (BA
45) (p < .005 uncorrected, Z = 3.77, 73 voxels) for related
pairs compared to perceptual controls. For unrelated pairs
compared to perceptual controls, when partialling for
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Table  2
Greater activation for related or unrelated pairs compared to perceptual controls, and for related compared to unrelated pairs in the visual–visual and the
visual–auditory tasks.
Task Condition Regions H BA z-Test Voxels x y z
Visual–visual Related – perceptual Inferior frontal gyrus L 47 6.40 1471 −42 27 0
Inferior frontal gyrus L 45 −42 18 9
Premotor L 6 6.16 1006 −6 9 63
Globus pallidus L – 631 −12 6 0
Inferior frontal gyrus R 47 4.49 97 36 18 −3
Middle temporal gyrus L 21 4.43 137 −63 −48 0
Superior occipital gyrus L 19 3.75 42 −18 −48 −3
Unrelated –
perceptual
Inferior frontal gyrus L 47 5.15 835 −42 27 0
Inferior frontal gyrus L 45 −48 24 15
Medial frontal gyrus L 9 −48 18 27
Premotor L 6 4.39 132 −3 6 63
Related–unrelated Superior frontal gyrus L 8 4.47 642 −6 36 48
Inferior frontal gyrus L 47 4.26 306 −54 27 −3
Inferior frontal gyrus L 45 −54 24 12
Caudate L − 3.91 89 −12 9 9
Middle temporal gyrus L 21 3.81 32 −63 −36 −6
Visual–auditory Related – perceptual Inferior frontal gyrus L 47 5.42 649 −48 30 −3
Inferior frontal gyrus L 45 −48 21 9
Superior frontal gyrus L 8 5.19 636 −9 42 45
Middle temporal gyrus L 21 4.51 87 −63 −24 0
Orbitofrontal gyrus L 11 4.31 56 −3 30 −15
Anterior cingulate L 24 3.94 80 −9 0 27
Globus pallidus L − 3.20 57 −15 0 −3
Inferior frontal gyrus R 47 3.74 25 30 9 −18
Unrelated –
perceptual
Inferior frontal gyrus L 47 5.34 334 −48 27 0
Inferior frontal gyrus L 45 −51 24 18
Superior frontal gyrus L 8 4.23 92 −9 48 45
Posterior cingulate R 31 3.90 42 18 −39 27
Related–unrelated Medial frontal gyrus L 9 5.00 692 −6 39 21
Globus pallidus L – 102 −12 6 0
Middle temporal gyrus L 21 4.19 29 −63 −48 −6
Superior frontal gyrus L 8 4.08 136 −18 45 42
Inferior frontal gyrus L 45 3.04 16 −48 39 3
Paracentral lobule R 7 4.33 87 6 −66 57
Middle temporal gyrus R 21 4.25 22 60 −57 −6
Superior occipital gyrus L 19 4.22 125 −36 −78 33
lobule
ctivation
, only cluInferior parietal 
Note: H: hemisphere, L: left, R: right, BA: Brodmann’s area. Coordinates of a
space (x, y, z). Voxels:  number of voxels in cluster at FDR p < .05 corrected
accuracy or reaction time, there were no signiﬁcant age
effects.
In the visual–auditory semantic judgment task, both
correlations show that increasing age was correlated with
greater activation for related pairs compared to perceptual
controls in the mid-ventral region of left inferior frontal
gyrus (BA 45). When partialling for accuracy, additional
left inferior frontal activation (BA 47) was found for the
related pairs compared to perceptual controls. There was
no decreasing age correlation for related pairs compared to
Table 3
Effects of semantic association strength for related pairs. Both greater activations 
Task Modulation Regions 
Visual–visual Stronger association Inferior parietal l
Weaker association Inferior frontal g
Visual–auditory Stronger association Inferior parietal l
Weaker association Inferior frontal gy
Visual–auditory–Visual–visual Weaker association Inferior frontal gy
Note: See Table 2 note. Voxels: number of voxels in cluster at FDR p < .05, only clu
uncorrected are indicated in bold.L 39 −51 −72 21
 peak(s) within a region based on a z-test are given in the MNI  stereotactic
sters greater than or equal to 10 are presented.
perceptual controls. For unrelated pairs compared to per-
ceptual controls, when partialling for accuracy or reaction
time, there were no signiﬁcant age effects.
For the task differences, we extracted beta values of
the mid-ventral region of left inferior frontal gyrus for
weaker association because the peaks of these effects
were very close across tasks. The signal intensity in
the visual–auditory task (mean = 4.06, standard devia-
tion = 1.94) was greater than in the visual–visual task
(mean = 2.77, standard deviation = 1.43), an independent
for stronger association pairs and for weaker association pairs are shown.
H BA z-test voxels X y z
obule L 39 4.12 62 −51 −63 27
yrus L 45 3.11 39 −42 24 18
obule L 40 3.59 20 −45 −54 42
rus L 45 3.80 17 −42 21 18
rus L 45 3.66 10 −39 18 21
sters greater than or equal to 10 are presented. Regions surviving p < .005
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Fig. 1. Effects of association strength in the visual–visual semantic judgment task: (a) stronger association produced greater activation for related pairs in
the  posterior region of left inferior parietal lobule (IPL, BA 39); (b) weaker association produced greater activation for related pairs in the mid-ventral region
o  the vis
g rietal lo
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uf  left inferior frontal gyrus (IFG, BA 45). Effects of association strength in
reater activation for related pairs in the anterior region of left inferior pa
elated pairs in the mid-ventral region of left inferior frontal gyrus (IFG, B
 = 2.56, p = .01. In order to examine whether task differ-
nces changed developmentally, we performed two 2 task
visual–visual, visual–auditory) by 2 age (younger, older)
NCOVAs, partialled for behavioral performance (accuracy
r reaction time) (Fig. 3). First, we entered participants’
ccuracy (reciprocal transformed) in the related condition
s a covariate. This analysis showed a signiﬁcant main
able 4
ncreasing activation with age for related pairs compared to perceptual controls, 
Regions 
Visual–visual Partial for ACC Inferior frontal gyrus 
Middle temporal gyrus
Caudate 
Superior frontal gyrus 
Premotor 
Orbitofrontal gyrus 
Superior occipital gyru
Superior occipital gyru
Partial for RT Inferior frontal gyrus 
Visual–auditory Partial for ACC Inferior frontal gyrus 
Inferior frontal gyrus
Partial for RT Inferior frontal gyrus 
ote: See Table 2 note. Voxels: number of voxels in cluster at FDR p < .05, only clu
ncorrected are indicated in bold.ual–auditory semantic judgment task: (c) stronger association produced
bule (IPL, BA 40); (d) weaker association produced greater activation for
effect of task, F(1, 39) = 5.24, p = .03, reﬂecting greater sig-
nal intensity for the visual–auditory task than for the
visual–visual task. The main effect of age was signiﬁcant,
F(1, 39) = 4.51, p = .04, reﬂecting greater signal intensity for
the older group than for the younger group. The interac-
tion between task and age was  signiﬁcant, F(1, 39) = 5.71,
p = .02. A simple main effects analysis showed greater sig-
partialing out accuracy (ACC) or reaction time (RT).
H BA z-Test Voxels x y z
L 45 3.02 109 −45 18 12
 L 21 3.07 162 −60 −51 0
R 4.29 131 12 6 12
L 8 3.90 77 −3 48 48
L 6 3.70 48 −48 6 51
L 10 3.17 18 −36 45 3
s L 19 3.63 208 −24 −93 15
s R 19 3.69 11 51 −78 −9
L 45 3.77 73 −48 27 9
L 45 4.32 162 −48 27 12
L 47 −48 27 −3
L 45 4.02 35 −48 6 18
sters greater than or equal to 10 are presented. Regions surviving p < .005
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Fig. 2. (a) Effects of age in the visual–visual semantic judgment task. Increasing age, partialled for accuracy, was correlated with greater activation in the
pairs co
related mid-ventral region of left inferior frontal gyrus (IFG, BA 45) for related 
semantic judgment task. Increasing age, partialled for accuracy, was cor
gyrus  (IFG, BA 45) for related pairs compared to perceptual controls.
nal intensity for the visual–auditory task than for the
visual–visual task in the older group (t = 3.23, p = .004). Sec-
ond, we entered participants’ reaction time in the related
condition as a covariate. This analysis showed a signiﬁcant
main effect of task, F(1, 39) = 5.83, p = .02, reﬂecting greater
signal intensity for the visual–auditory task than for the
visual–visual task. The main effect of age was signiﬁcant,
F(1, 39) = 6.00, p = .02, reﬂecting greater signal intensity for
the older group than for the younger group. The interaction
between task and age was signiﬁcant, F(1, 39) = 5.84, p = .02.
A simple main effects analysis showed greater signal inten-
sity for the visual–auditory task than for the visual–visual
task in the older group (t = 3.23, p = .004).
4. Discussion
In the current study, the main goal was to test two
competing hypotheses: greater phonological mediation
versus greater demand on cognitive control for process-
ing homophonic spoken words in Chinese. We  examined
the neural correlates of cross-modal semantic processing
in a group of Chinese children (aged 10–15), by compar-
ing visual–auditory to the visual–visual presentations. This
design allowed us to evaluate mechanisms underlying the
access of the appropriate meaning of homophonic spoken
words in Chinese. In order to measure activation within
the semantic system, we  manipulated the strength of asso-
Fig. 3. Age differences in signal intensity for the visual–visual task and
the  visual–auditory task. Beta values were taken from the peak voxels of
the  mid-ventral region of left inferior frontal gyrus (BA 45) for the weaker
association effect.mpared to perceptual controls. (b) Effects of age in the visual–auditory
with greater activation in the mid-ventral region of left inferior frontal
ciation between the words in related pairs. Words pairs
with stronger semantic association elicited greater activa-
tion for both tasks in regions of the left inferior parietal
lobule. In addition, weaker semantic association produced
greater activation in the mid-ventral region of left inferior
frontal gyrus (BA 45) for both tasks, but this effect was
stronger in the visual–auditory presentation as compared
to the visual–visual presentation. There were also greater
developmental increases in the mid-ventral region of left
inferior frontal gyrus (BA 45) in the visual–auditory pre-
sentation as compared to the visual–visual presentation.
The ﬁrst major ﬁnding of our study was  that weaker
semantic association was  correlated with greater acti-
vation in the mid-ventral region of left inferior frontal
gyrus (BA 45) for both tasks, but this was greater in
the visual–auditory presentation as compared to the
visual–visual presentation. Greater activation in mid-
ventral inferior frontal gyrus (BA 45) supports the
hypothesis of greater engagement of cognitive control for
the visual–auditory task than the visual–visual task in Chi-
nese. The lack of task differences of activation in dorsal
regions of inferior frontal gyrus (BA 44, 9) is not consis-
tent with the phonological mediation hypothesis. Previous
studies using association strength have found greater acti-
vation related to weaker association in the mid-ventral
region of left inferior frontal gyrus (Badre et al., 2005; Chou
et al., 2006a,b). The greater activation in mid-ventral infe-
rior frontal gyrus has been suggested to be associated with
the selection among multiple competitors (Thompson-
Schill et al., 1999). In this study, participants may  require
greater selection processes to resolve competition among
active representations for the visual–auditory task than
for the visual–visual task. Greater activation in the mid-
ventral region of left inferior frontal gyrus may  be related
to selecting the semantically correct answer among mul-
tiple competing homophones when Chinese words are
presented auditorily. Due to the many homophones in Chi-
nese, a sound may  map  into to an average of ten different
visual characters and of ten different meanings, resulting in
increased demands on mapping from phonology to orthog-
raphy and from phonology to semantics. Participants may
require, therefore, a greater selection process to perform
the computations in the cross-modal task. Greater activa-
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ion in the mid-ventral region of left inferior frontal gyrus
ay  reﬂect the process of selection.
The task difference between the visual–visual and
isual–auditory task in the current study does not seem
o be due to modality or behavioral differences. Using
uditory only presentation (i.e. the ﬁrst and the second
ords were both auditorily presented), Chou et al. (2006b)
lso identiﬁed greater activation in the mid-ventral infe-
ior frontal gyrus for the weaker related pairs during
emantic judgments. These results suggest that greater
ctivation in this region may  be modality-independent (i.e.,
ot affected by sensory modalities). Furthermore, because
ehavioral performance (reaction time and accuracy) was
artialled out when examining association effects, any per-
ormance difference between the visual–visual task and the
isual–auditory task may  not be responsible for the inferior
rontal activation.
Our second major ﬁnding was greater developmental
ncreases in activation in the mid-ventral region of left
nferior frontal gyrus (BA 45) for weaker semantic asso-
iation in the visual–auditory presentation as compared
o the visual–visual presentation. Because behavioral per-
ormance (reaction time and accuracy) was partialled out
hen examining age effects, any performance differences
ay  not be responsible for age differences in the inferior
rontal activation between the visual–visual task and the
isual–auditory task. A Chinese study examining develop-
ental differences has also shown age-related increases in
he mid-ventral region of left inferior frontal gyrus with
isual–visual presentation during semantic judgments
Chou et al., 2009b). In the current study, greater devel-
pmental increases in this region in the visual–auditory
resentation may  indicate that older children engage more
horoughly in selecting a semantically appropriate answer
mong homophones, producing greater activation in the
id-ventral region of left inferior frontal gyrus. Thus, our
esults suggest a developmental increase in involvement
f semantic selection mechanisms in a cross-modal task
equiring the access of the appropriate meaning of homo-
honic spoken words. In addition, behavioral studies have
hown a developmental increase in executive function-
ng with gradual improvements between ages 11 and 15
Eigsti et al., 2006; Leon-Carrion et al., 2004; Luna et al.,
004). Imaging studies have also linked cognitive control
o the maturation of inferior prefrontal cortex between
ges 11 and 15 (Adleman et al., 2002; Bunge et al., 2002;
amm et al., 2002). Consistent with executive function-
ng/cognitive control studies, in the current study, greater
ctivation for distantly related pairs in the prefrontal cor-
ex, particularly for the older children, may  imply greater
ognitive control needed to select relevant features while
gnoring irrelevant features. Due to developmental changes
n the prefrontal cortex, older children may  be more able
o effectively recruit this region for cognitive control pro-
esses. This developmental trend is pronounced in the
isual–auditory task because of the many homophones in
hinese.A developmental increase was also observed in left pos-
erior middle temporal gyrus in the visual–visual task when
artialling out accuracy. Previous English and Chinese stud-
es have identiﬁed age-related changes in this region (Chou Neuroscience 1 (2011) 338– 350
et al., 2006a,b; Szaﬂarski et al., 2006). This region is thought
to be responsible for the storage of lexical representa-
tions (Blumenfeld et al., 2006; Booth et al., 2002; Martin,
2007). Developmental increases in this region may  reﬂect
the elaboration of semantic knowledge with increasing
numbers of semantic representations and stronger inter-
connections between these representations.
In the current study, only associative pairs with seman-
tic relations were chosen as stimuli (Lee et al., 2009). As
revealed by our behavioral result, closely related pairs also
had more overlapping features than distantly related pairs.
The ﬁrst word of the related pairs may  act as a semantic
constraint to reduce the number of activated candidates
upon presentation of the second word. The greater over-
lapping semantic features in the closely related pairs may
serve to reduce the number of meanings activated for
the second word. In contrast, fewer shared features in
the distantly related pairs may  act as a weaker seman-
tic constraint and thus elicit greater parallel activation of
meanings for the second word (also see Li and Yip, 1998).
Cree et al. (2006) propose that distinctive features (that are
not shared by other words) are activated much stronger
and earlier than shared features. In the current study,
the participants were required to perform meaning judg-
ments by matching the shared/relevant features between
two  words. These judgments may  require participants to
ignore the irrelevant/distinctive features. The greater irrel-
evant or distinctive features in distantly related pairs may
need greater cognitive control to ignore these features.
Thompson-Schill et al. (2005) propose that a manipulation
of associative strength may  result in increased selection
demands because weak activation of relevant information
in distantly related pairs may  make semantic knowledge
more susceptible to interference. Therefore, the greater
cognitive control needed for the distantly related pairs
could be due both to (1) selecting the relevant/shared fea-
tures and (2) ignoring the irrelevant/distinctive features.
Moreover, because of the many homophones in Chinese,
there are increased demands on cognitive control when
words are presented auditorily as compared to when they
are presented visually.
Finally, we found that stronger association elicited
greater activation for both tasks in inferior parietal lob-
ule, although this activation was  slightly more anterior (BA
40) in the visual–auditory presentation, but more poste-
rior (BA 39) in the visual–visual presentation. Posterior left
inferior parietal lobule has been suggested to support the
integration of lexical input into larger units for semantic
processing (Lau et al., 2008). Anterior left inferior parietal
lobule has also been implicated as part of the phono-
logical store (Chen and Desmond, 2005; Paulesu et al.,
1993). When participants in this study were instructed
to perform semantic judgments in the visual–auditory
presentation, this may  require greater phonological pro-
cessing to facilitate integrating semantic features for highly
related pairs because of the auditory component. Alter-
natively, multimodal integration studies have identiﬁed
greater activation in the anterior region of left inferior
parietal lobule (Campbell, 2008; Jones and Callan, 2003;
Naumer et al., 2009). This region is thought to synthesize
multi-sensory information (i.e. visual and auditory inputs)
ognitiveS.-H. Lee et al. / Developmental C
(Amedi et al., 2005; Calvert, 2001; Jones and Callan, 2003).
Thus, in this study greater activation in this region may  be
related to the integration between visual and phonological
information for stronger related pairs.
In conclusion, when comparing the visual–auditory
presentation with the visual–visual presentation, weaker
association produced greater activation in the mid-ventral
region of left inferior frontal gyrus, suggesting increased
demands of selection on processing homophones in
Chinese in the cross-modal task. As compared to the
visual–visual presentation, we additionally demonstrated
greater developmental increases for weaker semantic asso-
ciation in the mid-ventral region of left inferior frontal
gyrus in the visual–auditory presentation, suggesting
greater involvement of semantic selection mechanisms
with age in a cross-modal task requiring the access of the
appropriate meaning of homophonic spoken words.
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